Background: Resistant hypertension and renal sympathetic hyperactivity are closely linked, and catheter-based renal denervation (RDN) is regarded as a new treatment strategy. However, the acute changes in vascular morphology and relaxation function have yet to be evaluated, and these may be important for the efficacy and safety of the procedure. In this study, we explored these questions by conventional temperature-controlled cardiac radiofrequency catheter-based RDN in a pig model. Methods: Six mini-pigs were randomly divided into the renal denervation (RDN) group (n = 3) and the Sham-RDN group (n = 3). Animals in the RDN group underwent unilateral radiofrequency ablation, and those in the Sham-RDN group underwent the same procedure except for the ablation. The pigs were examined by angiography pre-and post-RDN and were euthanized immediately thereafter. Renal arteries were processed for histological and molecular biology analyses as well as for in vitro vascular tension testing. Results: Compared with the Sham-RDN group, the RDN caused vascular intima and media injury, renal nerve vacuolization, mild collagen fiber hyperplasia and elastic fiber cleavage (all p < 0.05). The RDN group also significantly exhibited nitric oxide synthase pathway inhibition and decreased endothelium-independent vascular relaxation function Compared to the Sham-RDN group (all p < 0.05). Conclusions: In this porcine model, renal artery denervation led to vascular wall injury and endothelial dysfunction in the acute phase, which negatively affected vascular relaxation function. Thus, this process may be detrimental to the prognosis and progress of hypertension patients.
Background
It is well known that hypertension seriously damages human health. Hypertension significantly increases the risk of cardiovascular and cerebrovascular diseases, such as coronary heart disease, heart failure, stroke, and chronic renal disease [1] . Despite substantial efforts to improve hypertension, such as a healthy lifestyle, regular exercise, diet regulation and a variety of available antihypertensive drugs targeted at different pathophysiological mechanisms, there is a special type of refractory hypertension called resistant hypertension, which is defined as occurring when a patient takes three or more antihypertensive drugs, including a diuretic, at optimal tolerated doses but fails to achieve blood pressure control [2] [3] [4] . Patients with resistant hypertension have been reported to account for 5-30% of all hypertensive patients [5] , indicating the need for a new therapeutic approach for hypertension.
Overactivity of the sympathetic nervous system is involved in the onset of resistant hypertension [6] . Efferent renal sympathetic nerves overactivity promotes the production of norepinephrine, causes renal vasoconstriction and reduces renal blood flow, which gives rise to activation of the renin-angiotensin-aldosterone system and causes water retention, sodium reabsorption; Excessive activation of afferent fibers can activate the systemic sympathetic system through the central sympathetic nervous system, causing changes in the structure and function of target organs such as kidneys, heart and blood vessels and exacerbating the degree of hypertension [7, 8] . Therefore, innovative treatment of the sympathetic nervous system may be effective for treating resistant hypertension.
In recent years, radiofrequency catheter-based renal denervation (RDN) has been successfully applied for treating resistant hypertension [9] [10] [11] . Additionally, early nonrandomized clinical trials have shown a relation between RDN and decreased blood pressure [12, 13] . However, failure to meet the efficacy end point was observed in the Simplicity HTN-3 study, challenging the results of the Simplicity HTN-1 and 2 studies [14, 15] .
Moreover, the ablation energy may damage the vascular wall, which plays an important role in vascular function. Although there are a small number of preclinical studies on the effects of catheter-based RDN [16] [17] [18] [19] , the acute alterations in vascular relaxation function after RDN have not been explored. In addition, the changes assessed immediately after RDN of the renal arterial wall and renal nerves are inadequate, which may be essential for analyzing the efficacy and safety of RDN and for exploring the reasons for the failure of this procedure in Simplicity HTN-3 study [15] .
Our research aimed to assess acute changes in morphology and vascular relaxation function immediately after radiofrequency catheter-based RDN in a pig model.
Methods

Animals
The study was implemented using 6 8-month-old male Bama mini-pigs weighing 20 kg, which were provided by the Beijing Shi Chuang Century Minipig Breeding Base. The pigs housed individually in a special room with a suitable temperature (23 ± 1°C) and humidity (50 ± 5%) had access to a high-fat diet containing 15% butter, 5% peanut oil and 80% basal feed, with a feeding guideline of 5% of its body weight every day. All animal experimental procedures were approved by the Institutional Laboratory Care and Use Committee of Zhengzhou University for Medical Research and were compliant with regulatory guidelines for the care of laboratory animals.
Experimental design and preparation
The pigs were randomly divided into two groups, the RDN group (n = 3) and the Sham-RDN group (n = 3). We performed baseline renal arterial angiography for all the animals. In the RDN group, the conventional temperature-controlled cardiac radiofrequency catheter-based RDN was applied unilaterally. The same procedure was utilized in the Sham-RDN group except for the ablation. All pigs underwent angiography again immediately after the procedure and were then euthanized. Subsequently, the renal arteries were excised for the vascular tension, histology and molecular biology analyses.
Renal arterial angiography and RDN perioperative period
Anesthesia was achieved with a combination of midazolam (0.5 mg/kg, En Hua Pharmaceuticals, Xuzhou, China) and atropine (0.025 mg/kg, Sui Cheng Pharmaceuticals, Zhengzhou, China) administered intramuscularly. An injectable etomidate emulsion (En Hua Pharmaceuticals, Xuzhou, China) and dexmedetomidine hydrochloride (Guo Rui Pharmaceuticals, Chengdu, China) were continuously pumped at a rate of 15 ml/h to maintain the anesthesia. The femoral arteries were punctured by the vascular incision method. The incision was located in the groin region and directed toward the midpoint of the last two nipple connections. A 7F sheath (Cordis Corporation, Florida, USA) was inserted into the artery and fixed. Then, each pig was administered heparin at 100 U/kg, which was repeated once per hour. The angiographic catheter (Cordis Corporation, Florida, USA) was introduced into the abdominal aortic region of the origin of the renal artery. We performed angiography using a standard contrast agent (Bayer Schering Pharma AG, Leverkusen, Germany) to assess the feasibility of the RDN program and obtain baseline imaging data. The angiographic catheter was withdrawn, followed by insertion of the temperature-controlled cardiac radiofrequency catheter (NS7TCDL174HS, Biosense Webster, California, USA), which was connected to a generator (Johnson & Johnson, New Jersey, USA). Subsequently, the RDN procedure was performed. Five radiofrequency ablation sites were selected from the distal to the proximal segments of the renal artery. The interval of the ablation points was 5 mm, and the RDN was performed in a spiral manner. The generator parameters used for the radiofrequency ablation were as follows: energy, 8 W and time at each site, 120 s [2] . After the procedure, the radiofrequency catheter was removed, and angiography was performed again to check the anatomical structure of the renal arteries. The same procedure except for the ablation was performed on animals in the Sham-RDN group. Finally, the pigs were euthanized, and the renal arteries were excised.
Histopathological examination of the renal arteries and nerves in the ablated versus non-ablated pigs
The renal arteries were collected and evaluated by histological staining. Each renal artery was fixed for 24 h in 4% paraformaldehyde. After fixation, the tissues were washed, dehydrated by soaking in a concentration gradient (75, 85, 90, 95 and 100%) of alcohol, and finally cleared in xylene. Then, the tissues were embedded in paraffin wax and cut into 5-μm-thick sections at a 200-μm interval from the distal (kidney) to proximal (abdominal aorta) region [20] . The samples were then subjected to hematoxylin and eosin (HE), Verhoeff's Van Gieson, and Masson staining.
Histological evaluation
The renal arteries and adjacent nerve bundles were observed on the prepared slides, and 3 random fields of view were imaged for further analysis under a 20× objective by optical microscopy (Leica Biosystems, Wetzlar, Germany). The effect of the treatment on the nerves was divided into five levels for assessment by semi-quantitative scoring [21] . No abnormal findings indicated a grade of 0. Minimal damage, i.e., a grade of 1, was considered with the observation of nerves with minor damage, insignificant perineuronal inflammation or hemorrhage and limited endoneuronal damage (e.g., fibroplasia with little to no vacuolization, pyknosis or increase in cellularity). Mild damage, i.e., a grade of 2, was considered with the observation of more obvious or more relevant changes in nerve bundles, with increased cellularity, neurological inflammation, fibrosis or endogenous changes (e.g., vacuolization, pyknotic nuclei or digestive cavities). Moderate injury (i.e., grade 3) appeared as more pronounced and frequent changes than those of grade 2 in terms of perineuronal inflammation, fibrosis and endoneuronal damage, including swelling of endoneuronal tissue. Serious harm (i.e., grade 4) appeared as significant perineural inflammation or fibrosis, or even nerve structure loss, necrosis and axonal retraction [21] . The injury to the treated renal artery can be evaluated by changes in the intima, medial and adventitia revealed by HE staining. Masson and Verhoeff's Van Gieson staining can be used to evaluate medial collagen fibers and elastic fibers, respectively. 3 microscopic fields (× 200) were randomly chosen in each minipig, and the collagen volume fraction and elastin volume fraction were analyzed using Image-Pro Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).
Immunohistochemical processing
The complete and post-RDN renal artery paraffin sections were evaluated by immunohistochemistry. Immunohistochemical staining against von Willebrand factor (vWF) (1:300; ab6994, Abcam, Cambridge, UK) and α-smooth muscle actin (α-SMA) (1:2000; GB13044, Servicebio, Wuhan, China) were used to reflect injury to the endothelial cells and the media, respectively. Paraffin sections were immunostained for nerve tissue in the stromal elements using S-100 protein primary antibody (1:100; ab868, Abcam, Cambridge, UK). Immunostaining against tyrosine hydroxylase (TH) (1:200; ab75875, Abcam, Cambridge, UK) reflected the presence of functionally intact sympathetic axons within the nerve fascicles. HRP-labeled goat anti-rabbit and rat antibodies (G1211, Servicebio, Wuhan, China) and a DAB chromogenic kit (G1211, Servicebio, Wuhan, China) were used to perform the immunohistochemical assays [22] .
In vitro vascular relaxation function study
Vascular relaxation function was assayed as previously reported [23, 24] . The adipose and connective tissues of the renal arteries were stripped in Krebs solution at 4°C with a pH of 7.4 containing the following (mmol/L): 118.3 NaCl, 4.7 KCl, 1.2 MgSO 4 , 1.2 KH 2 PO 4 , 2.5 CaCl 2 , 25 NaHCO 3 , 0.026 calcium disodium EDTA, and 5.5 glucose. Two 5-mm-long vascular rings from the renal artery were cut and were analyzed per pig. Renal arterial rings were mounted between two hooks connected to the tension transducer (JZJ01H, Chengdu Instrument Factory, Chengdu, China) and were placed in a water bath holding 6 ml of Krebs solution at 37°C constantly maintaining 95% O 2 and 5% CO 2 . The resting tension of the arterial rings was adjusted to 3 g, and the solution was replaced every 10 min. After 2 h of equilibration, the vascular rings were exposed to 60 mmol/L KCl solution to shrink. Then, the rings stood in a water bath for 30 min after elution and were treated. The arterial rings were pre-contracted with 6 × 10 − 6 mol/L norepinephrine (NE) (Yuan Da Medicine, Wuhan, China) and then relaxed by a 10 − 9 -10 − 5 mol/L concentration gradient of sodium nitroprusside (SNP) (Hong Yuan Pharmaceuticals, Dongguan, China). Tension was recorded by the multi-channel physiological signal acquisition and processing system (BM6420BD, Chengdu Instrument Factory, Chengdu, China). The relaxation rate was calculated by the relaxation percentage of the NE-induced pre-contraction. The relaxation-response curve was obtained by Prism 5.0 (GraphPad Software, California, USA) to contrast and analyze the relaxation rates of the renal arteries.
Western blot analysis
For protein expression analysis, renal arteries were washed 2-3 times with cold PBS and homogenized by liquid nitrogen milling. The supernatant protein concentration was measured using a BCA Protein Assay Kit (G2026, Servicebio, Wuhan, China). The protein was separated on an 8-10% gel by SDS-PAGE and transferred to PDVF membranes at a constant current of 300 mA for half an hour. The membranes were then blocked for an hour by 5% skim milk dissolved in 0.5% TBST. Subsequently, the membranes were incubated at 4°C overnight with primary rabbit polyclonal anti-endothelial nitric oxide synthase (eNOS; 1:1000; ab5589, Abcam, Cambridge, UK), rabbit polyclonal anti-phosphorylated eNOS Ser 1177 (1:1000;9571, CST, Boston, USA), rabbit polyclonal anti-acetophenone (AKT;1:1000; 9272, CST, Boston, USA), rabbit polyclonal anti-phosphorylated AKT Ser 473 (1:1000; 9271, CST, Boston, USA) and mouse monoclonal anti-glyceraldehyde phosphate dehydrogenase (GAPDH;1:25000; GB13002-m-1, Servicebio, Wuhan, China) antibodies. The membranes were washed three times with TBST buffer at room temperature and then incubated with peroxidase-labeled goat anti-rabbit IgG (H + L) secondary antibody (1:3000; 074-1506, KPL, Maryland, USA) and peroxidase-labeled goat anti-mouse IgG (H + L) secondary antibody (1:3000; 074-1806, KPL, Maryland, USA) for half an hour [24] . AlphaEaseFC software (Alpha Innotech, California, USA) was used to analyze the optical density of the target bands.
Statistical analysis
The experimental data were analyzed using the SPSS 20.0 software package. Data following a normal distribution were analyzed by independent sample t-tests and two-way repeated ANOVA, and the Mann-Whitney U-rank test was used to analyze data that did not follow a normal distribution. P values less than 0.05 were considered significant. Data are presented as the mean and standard deviation.
Results
Comparison of angiograms of pre-and post-RDN renal arteries
Compared with the pre-RDN arteries (Fig. 1a) , segments of the post-RDN arteries exhibited vasospasm by angiography in all 3 pigs of RDN group (Fig. 1b) ; however, we did not find other changes, such as dissection or thrombus or aneurysm formation, in the acute phase after RDN. The vasospasm was of a mild or moderate degree, which would not affect renal perfusion over a short period.
Acute changes in renal arterial wall assessed immediately after RDN
The HE staining results revealed internal elastic lamina rupture (Fig. 2d) , vacuolar degeneration of smooth muscle cells (Fig. 2e ) and neutrophil infiltration (Fig. 2f) post-RDN; these changes were not observed in the corresponding areas of the Sham-RDN group (Fig. 2a, b, c) . While the Sham-RND group showed strongly positive staining (Fig. 3a, c) , vWF staining in the RDN group revealed damaged or even absent endothelial cells (Fig.  3b) , and the α-SMA staining intensity in the RDN group was weakly positive within the lesion area (Fig. 3d) .
Acute changes in nerves fibers assessed immediately after RDN
Compared with the Sham-RDN group (Fig. 4a) , the RDN group showed increased axonal vacuolated denaturation, as demonstrated by HE staining (Fig. 4d) . The S-100 antibody staining (Fig. 4b, e) and TH antibody staining (Fig. 4c, f ) results were positive in both groups. Regarding the semi-quantitative scoring of nerve injury (Fig. 5) , the grades of nerve injury in the Sham-RDN and RDN groups were 0.22 ± 0.19 and 1.33 ± 0.34 (P = 0.046), respectively. The nerves in the Sham-RDN group showed no abnormal findings or minimal damage; however, the nerves in the RDN group showed mild damage. As observed in the pigs treated RDN immediately after sacrifice, the collagen fibers significantly exhibited mild hyperplasia compared to Sham-RDN group (Fig. 6a-c,35 .84 ± 4.14% vs. 26.95 ± 1.76%, p = 0.027). The elastic fibers were significantly irregular, separated and broken in RDN group 
Comparison of renal arterial vascular tension in vitro with and without RDN
The in vitro vascular tension measurements showed that endothelium-independent vascular relaxation function was significantly decreased (P = 0.023) in the SNP concentration gradient in the RDN group (Fig. 7 , Additional file 1) compared to Sham-RDN group, which was coincident with smooth muscle cell degeneration and weakly positive α-SMA staining, as mentioned above (Figs. 2e and 3d ).
Acute effect of RDN on endothelial function signaling at the molecular level
The effects of RDN on endothelium-independent vascular relaxation were significant (P = 0.023, Fig. 7) , and this might affect the in vitro tension measurements of the endothelium-dependent vascular relaxation function. Therefore, we only examined the acute effects of RDN on the endothelial nitric oxide (NO) synthesis pathway. Compared with the Sham-RDN group, the protein expression of AKT, p-AKT Ser 473 , eNOS, and p-eNOS Ser 1177 was significantly decreased in the RDN group (P = 0.046, P = 0.049, P = 0.032, P = 0.046, respectively), and the endothelial NO synthesis pathway was obviously inhibited (Fig. 8 ).
Discussion
In this study, we clearly showed the presence of acute changes in morphology and vascular relaxation function immediately after temperature-controlled radiofrequency catheter-based RDN in a porcine model. The radiofrequency catheter released high energy which penetrated the intima and media of the renal arteries and destroyed functional sympathetic nerve fibers in the adventitia. In the acute phase, RDN caused mild and moderate vasospasm, but no arterial dissection or stenosis was observed by angiography, and these findings are consistent with those of a previous report [17] . After RDN, we observed that nerve bundles were mildly damaged and showed endogenous changes, such as vacuolization and pyknotic nuclei but without karyorrhexis, as well as the formation of digestive cavities mentioned by Kenichi Sakakura et al. [21] . These differences may result from the individual anatomical differences. Sakakura et al. [25] illustrated that the peri-arterial renal nerve size and distance from the renal artery lumen were indefinite, which affected the efficiency of the RDN procedure. In this study, we immunostained against S-100 protein (a marker of Schwann and sustentacular cells) and TH (converts tyrosine to DOPA and is a marker of norepinephrine synthesis). Compared with the Sham-RDN group, there were no significant changes in the immunostaining intensity of the neuronal markers S-100 and TH in the RDN group. Therefore, immunostaining in the acute phase cannot better reflect the success of RDN, which may be due to the certain stage of axonal degeneration occurring in the necrotic nerves [21] . Because of our immediate sampling to evaluate the acute morphology alternations of renal arteries after RDN, the short interval after the operation and the use of anesthesia may lead to norepinephrine determination inaccuracies; thus, we used a semi-quantitative scoring system to immediately assess the efficacy of the procedure. The results showed a significant difference between 2 groups Another focus of this study was the post-RDN effects on the endothelium and vascular relaxation function. Immunohistochemical staining against vWF revealed severely reduced or even absent post-RDN levels. Steigerwald et al. [17] also reported this result as well as reendothelialization in the subacute phase after approximately 10 days, as demonstrated by the nearly complete vWF staining within the lesion. In addition, Steigerwald et al. [17] mentioned that the intact internal elastic lamina and the remaining collagen fibers were able to maintain vessel wall integrity. However, the recovery of the endothelial function and vascular relaxation function should be considered. Thus far, the safety endpoints of RDN using the different protocols involved in the study [26] were mainly renal arterial radiologically morphological lesions, renal dysfunction and adverse outcomes such as renal vascular dissection, aneurysm and thrombosis, and there have been no reports on the study of endothelial and smooth muscle cell function after RDN.
NO is synthesized from L-arginine by eNOS and initiates vascular relaxation by activating soluble guanylate cyclase in vascular smooth muscle cells [27] . Our findings demonstrate that RDN caused injury to the vascular intima and media; and the in vitro endothelium-independent tension assay showed that renal arterial relaxation function decreased after the RDN. This result is due to elastic fiber breakage, Endothelium-independent vascular relaxation response to SNP in the two groups. Data are expressed as the mean ± standard deviation. *P < 0.05, n = 3 per group. Abbreviations: RDN, renal denervation; SNP, sodium nitroprusside vascular smooth muscle cell degeneration and necrosis, which was also consistent with the thin media and reduced myofilament density in ablated medial smooth muscle cells after RDN in Sakaoka's study [28] . Unfortunately, we did not detect endothelium-dependent vascular relaxation function and only detected AKT/eNOS pathway-related protein expression, which explained the endothelial dysfunction molecularly. Because the effects of smooth muscle cell damage can disturb the detection of endothelium-dependent vascular relaxation function. Of course, to observe the imaging and histological changes immediately after catheter-based renal sympathetic denervation, we did not wait for or interfere with vasospasm recovery, which prevented us from measuring vascular relaxation in vivo and over the long term. Downregulation of the NO synthesis pathway after endothelial injury is likely to be associated with vasospasm at the site of ablation [29] . Schmid et al. [30] detected no vascular or parenchymal complications after 6 and 12 months of RDN, but a case report showed secondary rise in blood pressure and a haemodynamically relevant renal arterial stenosis after 6 months of RDN [31] ; therefore, endothelial dysfunction may have an adverse impact on renal arteries over a longer period.
A recent study [20] supported potential applications for saline-irrigated catheter (SIC) ablation and, at histopathological levels, found that SIC caused less intimal hyperplasia, deeper penetration and more medial hyperplasia than temperature-controlled catheter ablation for RDN. However, changes in vascular and endothelial function produced by more deeply penetrating lesions using SIC remain to be explored. Destruction of the vascular wall integrity can gradually increase the concentration of vascular superoxide [32] , which also has a negative effect on the response to endogenous and exogenous vascular relaxation [33] . Moorhouse et al. [34] suggested that endothelial dysfunction presenting a reduced release of endothelium-derived relaxation factors such as NO, and the increased release of endothelial-derived contractility factors such as endothelin-1, caused abnormal vasoconstriction, elevated blood pressure which increased the The results are expressed as the mean ± standard deviation. *P < 0.05, n = 3 per group. Abbreviations: AKT, acetophenone; eNOS, endothelial nitric oxide synthase; RDN, renal denervation; GAPDH, glyceraldehyde phosphate dehydrogenase risk of hypertension recurrence and an unsuccessful RDN procedure, and also was an early sign of the development of atherosclerosis [35] .
Conclusions
Our study showed histological changes in renal arteries and nerves in the acute phase after RDN. It was feasible to immediately evaluate the success of the RDN procedure using a semi-quantitative method for scoring nerve injury. However, from a clinical perspective, we needed to find effective and completely ablated markers to immediately determine the success of RDN. In addition, this study was the first to propose changes in vascular relaxation function after RDN. we found that the RDN procedure caused the destruction of the renal artery integrity, leading to acute-phase endothelial and vascular relaxation dysfunction. Therefore, it is important to assess the safety of the RDN procedure in the short and long term from multiple perspectives and to take steps, such as monitoring endothelial function and anti-endothelial dysfunction drugs, to prevent and treat complications in time.
Limitations
There were several limitations in our study. First, in this study, we used healthy and normotensive pigs, which cannot completely reflect the sympathetic hyperactivity as well as vascular and even endothelial function of people with hypertension. However, persistently elevated blood pressure in patients with resistant hypertension can cause the premature aging of endothelial cells and vasodilation dysfunction [36] , which may further increase the risk of adverse events after RDN. In addition, pig models are widely used in preclinical studies because porcine anatomy is similar to that of humans. Second, this study provides a descriptive analysis of the experimental results, although with a small sample size, there was still a limited statistical significance. Third, we only observed changes in endothelial and vascular relaxation function in pigs that were sacrificed immediately after RDN and did not study late-stage progression. However, it must also be considered that endothelial and vascular relaxation dysfunction may affect the prognosis of hypertensive patients. 
